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Introduction
The hippocampus (HP) ("Cornu Ammonis" fields 1, 3 [CA1, CA3] and the dentate gyrus [DG] ) is a limbic structure in the medial temporal lobe of the mammalian telencephalon involved in memory formation. Functional studies have shown that the HP mediates behavioral tasks that depend on relating information from multiple sources (Kumaran and Maguire 2005; Hannula et al. 2013) . Animals with HP lesions are impaired in finding a hidden platform in water maze when relying on spatial strategies (Eichenbaum et al. 1990) , and in consolidating spatial information into long-term memory (Broadbent et al. 2004; Ramos 2008) . In contrast, the HP is not involved in behavioral tasks independent of relational information, such as finding a platform in the water maze signaled by a visual cue (Eichenbaum et al. 1990) .
Even small developmental and/or adulthood variations in the HP volume can have a dramatic impact on spatial learning ability, and are key features of neurodevelopmental psychiatric disorders (Mateffyova et al. 2006; Arnold et al. 2015) . Multiple findings have suggested that the HP is not completely homogeneous along the dorso--ventral axis, but also referred to septo (dorso)-temporal (ventral) longitudinal axis in rodents and anteroposterior axis in primates [for review, see Strange et al. (2014) ]. While the dorsal HP is more involved in spatial learning (Moser et al. 1993 (Moser et al. , 1995 , the ventral HP is required for nonspatial aspects of HP-dependent learning and emotional behaviors (Kheirbek et al. 2013; Wang et al. 2013) . Neuronal ventral HP excitotoxic lesion is still one of the most used animal model of schizophrenia, as it resembles the neuropsychiatric deficits reported in humans (Lipska et al. 1993; Le Pen et al. 2000; Ersland et al. 2012; Naert et al. 2013; Arnold et al. 2015; O'Reilly et al. 2015) .
Anatomical and functional differences along the HP longitudinal axis are evolutionarily conserved, as reported in rats (Jung et al. 1994; Moser and Moser 2000; Vann et al. 2000; Bannerman et al. 2002) , monkeys (Colombo et al. 1998) , and humans (Small et al. 2001) , suggesting that they might be genetically regulated. Several genetic factors, differentially expressed along the dorso-ventral HP axis, have been indeed identified (Leonardo et al. 2006; Lein et al. 2007; O'Reilly et al. 2015) . However, whether regionalized expressed genetic factors are causally linked to HP differential growth and to hippocampal functional dissociation along the longitudinal axis is still unknown.
The transcription factor COUP-TFI (chicken ovalbumin upstream promoter transcription factor 1, also called Nr2f1) is a member of the nuclear hormone receptor superfamily of steroid hormone receptors, and is particularly interesting in this regard, because of its regionalized expression gradient in the cortex that results to be necessary and sufficient for neocortical areal organization and associated sensorimotor behavior (Tomassy et al. 2010; Alfano et al. 2014) . In this study, we hypothesized that COUP-TFI might belong to one of these genetic factors responsible for the differential growth and functional organization of the hippocampal longitudinal axis. To directly test this hypothesis, we characterized COUP-TFI expression along the HP longitudinal axis and challenged its role in HP functional organization in a genetically modified mouse model. Interestingly, we found not only that COUP-TFI is expressed in a low dorsal to high ventral gradient during HP postnatal development, but also that its cortical ablation leads to severe HP dysmorphogenesis and connectivity impairments, and ultimately to selective impaired spatial learning and memory. We thus provide the first evidence of a differentially expressed gene that acts by regulating volume, growth, and functional organization of the septo-temporal longitudinal axis of the HP.
Materials and Methods

Animals
COUP-TFI
fl/fl /Emx1-Cre (named also "CKO" or "mutant") mice were generated and genotyped as previously described (Armentano et al. 2006; Armentano et al. 2007 ). COUP-TFI flox/flox and COUP-TFI flox/+ mice are defined as "controls (ctrl)" in this study since they have no detectable and quantitative defects and can be considered like wild-type mice. Midday of the day of the vaginal plug is considered embryonic day (E) 0.5. All experiments were conducted following the guidelines of the Institutional Animal Care and Use Committee, CNR Animal Facility, Naples, Italy and European Union Guidelines. The experimenter was always blind to the treatment the animal had received.
Immunohistochemistry and In Situ Hybridization
Vibratome and cryostat sections were processed for immunohistochemistry (IHC) and/or in situ hybridization (ISH) as previously described (Armentano et al. 2007 ). The following primary antibodies were used: mouse anti-human COUP-TFI (1 : 100, Abcam); rabbit anti-COUP-TFI (1 : 500; Tripodi et al. 2004) ; rabbit anti-Calbindin D-28k (1 : 2500, SWANT); rabbit anti-Calretinin (1 : 3000, SWANT); mouse monoclonal anti-Map2 (1 : 200, Sigma); mouse monoclonal anti-SMI31 (1 : 500 Sternberger Monoclonals). For IHC, biotinylated secondary antibodies [goat anti-rabbit and goat anti-mouse (Vector Laboratories, Burlingame, CA, USA; 1 : 200)] were revealed by ABC-DAB reaction (Vector). Antisense RNA probes were labeled using a DIG-RNA Labeling Kit (Roche).
The following probes were used: Cdh8, Lmo4, COUP-TFII, SCIP, KA1, GAD67, Id2, Neuropilin2 (Nrp2), Fezf2. COUP-TFI septo-temporal protein localization was quantified in 6 (3 females and 3 males) postnatal day 8 (P8) control hemi-brains. For each animal, 2 septal slices (between 1600 and 2200 as reported in control of Fig. 2D ) and 3 temporal slices (between 400 and 1000) were sampled. Using the ImageJ graphic pen unit area (380 μm 2 for each subfield), optical density (minus the slice background optical density) was measured in CA1, CA3, and DG. Microtubule-associated protein 2 (MAP2) was quantified in 3 control and 3 CKO hemi-brains at P8. This measure was taken in both genotypes starting from the first evidence of hippocampal tissue (Fig. 1C) by comparing them at different antero-posterior coordinates. Septal ranges (2 slices) were 2600-3200 versus 1600-2000, whereas temporal ranges (3 slices) were 800-1600 versus 800-1400 for control and CKO, respectively (as reported in Fig. 1C ). Hippocampal extension was calculated by multiplying the number of slices where the HP was present for the distance (µm) between slices. Using the ImageJ graphic pen unit area (30 μm 2 ), optical density (minus the slice background optical density) was measured around the perforant path. Entorhinal cortex (EC) volume was quantified in 4 animals per genotype by measuring Npn2 expression area in 4 consecutive (200 μm) hemi-brain sections at postnatal day 0 (P0). Values are expressed as percentage from control values.
Hippocampal Volumetric Analysis and Field Assessment
Mice brains were vibratome-sectioned coronally with a thickness of 50 µm and processed for Nissl staining, as previously described (Tomassy et al. 2010) . For the adult HP phenotype, we evaluated the volume of the entire HP and its rostro-caudal extension in coronal sections (one hemisphere, 28 controls and 41 CKO, 21 slices per animal). We also compared the septo-temporal volume distribution (average of the population ± SE for each rostro-caudal point) in mutant and control brains. For P8 (4 controls and 3 CKO hemi-brains, 14 slices per animal), P0 (3 controls and 3 CKO hemi-brains, 10 slices per animal), and at E15.5 (4 controls and 4 CKO, 9 slices per animal in both hemispheres) brains were cryosectioned (20 μm thickness) across the entire HP, Nissl-stained, and evaluated at increments of 200 μm using the ImageJ graphic pen. All evaluations previously described for adult animals were done during developmental stages. A second set of at least n = 3 animals (9 slices per animal) was used to quantify the GAD67-positive cells in the HP at P8. For the CA1-CA3 field assessment (3 controls and 3 CKO hemi-brains, 11 slices per animal), the relative expressions of SCIP and KA1 mRNA with respect to pyramidal layer extension were evaluated with ImageJ. For the evaluation of adult pyramidal layers' cell density, n = 6 animals per genotype were considered: 2 hemispheres (200 μm) in the septal domain and 3 hemispheres (every 200 μm) in the temporal domain were analyzed for CA1 and CA3 cell density by 100 μm 2 bins posed parallel to the pyramidal layer from the pyramidal/stratum radiatum border, and for 100 µm unit of length. Quantification was performed exactly as described for MAP2. For three-dimensional (3D) illustrations of the state of altered mutant HP, adult and P8 brain representatives of HP dysmorphism were coronally cryosectioned (20 μm thickness at P8; 50 μm thickness floating in adults) and Nissl-stained. Pictures were taken with an LEICA MZ 16 FA Stereomicroscope and converted from RGB to BW with Adobe Photoshop software. Sections were identified with serial numbers and different HP components were labeled with a color-coded graphic pen. Three-dimensional images were aligned and integrated with Amira 4.1.2-1 software to obtain 3D pictures.
Axonal Tracing by Injection of Lipophilic DiI
Tracing of entorhinal-hippocampal projections was carried out by injecting approximately 80 µL of DiI crystal [DiIC18(3); Molecular Probes] dissolved in DMSO in the EC of P8 control and mutant fixed brains. Brains were incubated for 6 weeks in 2% PFA at 37°C, embedded in 4% agarose, cut into 100 µm sections on a vibratome, counterstained with Hoechst (Invitrogen H3570), mounted in glycerol + phosphate buffer, and photographed under fluorescent light.
Statistical Analysis
All the histological data were statistically analyzed and graphically represented using Statistica 10 and Microsoft Office Excel software, respectively. The error bars represent SEM. A two-tailed paired Student's t-test was used to analyze statistical significance. Data were normalized by defining the control value as 100%. Fourway ANOVA for repeated measures, with genotype (Control and CKO), gender (male and female), and HP subregions (CA1, CA3, and DG), was used to analyze gene expression along different 
Behavioral Testing
A total of 3 to 4-month-old 62 controls (34 females and 28 males) and 67 mutants (29 females and 38 males) were used for behavioral testings. They were divided into 3 subgroups. Two subgroups were tested in the spatial (11 controls and 27 CKO) and cue (16 controls and 11 CKO) versions of the water maze; a third group of animals (21 controls and 18 CKO) was subjected to the object recognition task on the first day, to the elevated plus maze on the second day, and to the passive avoidance task on the third and fourth day of testing. All behavioral tests were performed on mice under normal lighting conditions using previously established protocols. Before each behavioral task, animals were acclimatized to the testing room for at least 30 min. Before each test procedure, mice were placed in a waiting cage for at least 10 min before the beginning of the task; at the end of the measurement, they were placed back in their home cages.
Water Maze Apparatus
The tank (1.50 m diameter, 35.5 cm high) was located in a cuecontrolled environment (surrounded by many visual cues). The water (temperature = 23 ± 1°C) was colored white and a platform (12 cm diameter) was located 30 cm from the wall of the pool.
Visuo-Spatial Memory. Spatial memory testing procedure. The test consists in training the animals to use visuo-distal spatial cues (spatial map) in order to find a platform submerged below the surface of the water. Eleven controls (5 males and 6 females) and 27 CKO mice (17 males and 10 females) were tested in the spatial water maze task. The platform was located in the north quadrant, allowing to enter the curtain from 3 different entrances. The position of the platform was kept constant during training. During the 4 training days, the platform was submerged 1.5 cm below the water surface. Four sessions of 4 trials lasting 60 s each were performed each day for 4 consecutive days. The intertrial interval lasted about an hour. Animals were introduced to the tank in different quadrants each trial, in a random order. If the animals did not reach the platform alone, they were accompanied to it. At the end of each trial, the animals were left on the platform for about 15 s. On the fifth day, a single probe trial of 60 s was performed, during which the platform was removed to assess the mice's memory of the platform position. Thirty-five of these animals (11 controls and 24 CKO) were used for volumetric assessment of the adult HP at the end of behavioral testing. Cue memory procedure. The test consists in training the animals to use a cue (a flag) positioned on the top of the submerged platform to find it. Cue memory was tested in 15 controls (7 males and 8 females) and in 11 CKO (5 males and 6 females) mice, under exactly the same general conditions used to test spatial memory, with the addition of 2 further training days after the probe trial. The key differences between the spatial and the cue version of the task were as follows: (1) No cues were present in the environment and (2) in each session, the position of the platform was displaced to 8 different points in the maze, and was visually signaled by a flag placed on the top of it. During testing, the platform was removed, and the flag placed in a further new place. Of these, 22 (13 controls and 9 CKO) were used for the assessment of volumetric measurements of the HP.
Data collection. The behavior was recorded with a video camera, located on the top of the mazes, and analyzed by a video-tracking (Any-maze, Stoelting, USA) program. The latency to reach the platform was used as the index of visuo-spatial performance during training days. In the probe trial, we scored the time spent in the quadrant (s), in the annulus (a 24-cm ring around the place where the platform was located during training) and compared them with the time spent in similar areas located in the other quadrants of the pool; a preference for the target annulus is considered as an indicator of functional memory. We also scored annulus crossings, swimming speed, and thigmotaxis time (time spent swimming within 12 cm from the wall of the pool).
Emotional Memory Emotional memory was tested in the step-through inhibitory avoidance task (Ugo Basile, Italy), equipped with an automatic shock delivery system and an automatic step-through latency recording. The testing procedure was identical to the one previously described (Manago et al. 2009 ). Briefly, each mouse was placed in the light compartment, facing away from the dark compartment and the door leading to the dark compartment was automatically raised. When the mouse had stepped with all 4 paws into the dark compartment, the door was automatically closed and an electric foot-shock (0.5 mA, 50 Hz, 2 s) was delivered. Memory retention was tested recording step-through latency 24 h after training, following a similar procedure except that no shock was delivered.
Cutoff was set at 60 and 180 s for training and test, respectively.
Object Memory
To test object memory, we used the spontaneous object memory task for mice with 1-min delay and 3 identical object (3-IOT) protocols since we previously demonstrated that selective dorsal HP lesions do not affect performance in this task (Sannino et al. 2012) . The other advantage of using this task in this study is that performance in this version of the task has never been clearly demonstrated to rely on the integrity of the prefrontal cortex (Mitchell and Laiacona 1998; Yee 2000) and of other neocortical areas (Ennaceur et al. 1997; Haijima and Ichitani 2012) . Animals were first habituated for 10 min to the empty open field (35 × 47 × 60 cm). In their waiting cage, they were subjected to the study phase, during which they were allowed to explore 3-IOT for 10 min (Sannino et al. 2012) . During the 5-min test phase, the animals were exposed to identical copies of the familiar objects and one new object. We measured the distance traveled and maximal speed during the habituation phase; during the study and the test phase, we collected objects' exploration, defined as the time in which the nose of the animal was in contact (2 cm from the object) with the object. The animal's behavior was recorded by a videotracking system (Any-maze) and analyzed by a trained observer.
Anxiety Anxiety was measured in the plus-maze task for mice (Ugo Basile, Italy) in a 5-min trial. Distance, time, and number of entries in the open and closed arm were recorded and automatically analyzed by a video-tracking system (Any-maze).
Statistical Analysis
ANOVA was used to analyze between-subject factors genotype (controls and CKO) and gender (males and females). As we have never detected any interaction between the factor gender and the other factors, we grouped male and female mice together. A Duncan post hoc test was used, when appropriate, to make direct comparisons. Statistical significance was set at P < 0.05.
Results
COUP-TFI Is Expressed in a Gradient and Regulates Hippocampal Growth Along the Longitudinal Axis
To investigate whether COUP-TFI could be involved in adult hippocampal morphogenesis and functionality, we first characterized COUP-TFI protein distribution in the postnatal HP at different ages. We previously reported strong COUP-TFI expression at E15.5 in the medio-caudal cortex where the hippocampal plate and DG primordia develop ( Fig. 1A ) (Armentano et al. 2006) . Expression is maintained in the Ammon's horns and DG from birth (P0) to adulthood ( To directly test whether this expression gradient is required in the hippocampal differential morphogenesis and functional connectivity, we assessed HP formation in postnatal COUP-TFI fl/fl / Emx1-Cre mice (or COUP-TFI CKO) in which COUP-TFI is inactivated in all cortical and archicortical neuronal progenitors (Armentano et al. 2007; Alfano et al. 2014) . Gene inactivation in the mutant homogenously occurs all over the septo-temporal HP axis, consistently with a fully penetrant Emx1-Cre activity from E11.5 onward (Gorski et al. 2002; Armentano et al. 2007 ). Quantification of the volume and total longitudinal extension of the COUP-TFI mutant HP (Fig. 1C) revealed an overall volume reduction of 47% (total volume in CKO = 52.8 ± 2.8%, n = 41, compared with controls, n = 28; two-tailed paired t-test; P < 0.0001; Fig. 1D ). Mutant mice have reduced septo-temporal volume, which is statistically different between adult mutant and control HP [genotype (F 1,19 = 64.16; P < 0.0001); septo-temporal coordinate (F 19,1273 = 194.74 ; P < 0.0001); genotype × septo-temporal coordinate (F 19,1273 = 20.05; P < 0.0001); Fig. 1E ]. Post hoc analysis confirms that whereas the septal/dorsal regions are dramatically affected, the most caudal parts are more similar to the control ones (Fig. 1C,E) . Three-dimensional model representations of isolated control and mutant HP (Fig. 1F ) better illustrate the strong decrease of the dorsal portion, which begins to occur at approximately the same rostro-caudal level of the ventral region, confirming that the majority of the septal pole is severely underdeveloped in mutants. The 3D models also show that the HP appears caudo-ventrally shifted and rostro-dorsally poorly developed in COUP-TFI CKO compared with control mice (Fig. 1F) . Thus, in the absence of COUP-TFI function, the HP is caudally shifted and dramatically reduced in its dorsal portion.
To further investigate the onset and evolution of this morphological defect, we quantified the volume and extension of control and mutant HP at different developmental ages (Fig. 2) . COUP-TFI CKO mice show a gradual reduction in HP volume during development, which peaks at postnatal ages (Fig. 2) . While the mutant HP primordium volume is only slightly reduced (7%) at E15.5 (total volume in CKO = 93.1 ± 11.9%, n = 4, compared with controls, n = 4; two-tailed paired t-test; P = 0.66; Fig. 2A,A 0 ), the total volume of the mutant HP decreases by about 30% when compared with control pups at P0 (Fig. 2B ) even if not statistically significant (CKO = 69.5 ± 17.2%, n = 3; two-tailed paired t-test; P = 0.193; Fig. 2B  0 ) . Detailed quantification of the volume distribution along the septo-temporal axis of the mutant HP at P0 supports a reduction of the dorsal portion, which again fails to show statistical significance when analyzed with repeated measures (Fig. 2C) . However, at P8, the overall shape of the mutant HP is dramatically altered (Fig. 2D) , showing little growth (the mutant volume is 52.6 ± 3.1%, n = 3, of that of the control, n = 4; P = 0.0003; two-tailed paired t-test; P < 0.0001)], as supported by post hoc analysis on quantitative volume distribution between mutant and control mice along the longitudinal axis (Fig. 2E ). This is also illustrated in the 3D models of control and mutant HP (Fig. 2F) . Thus, a dorso-ventral imbalance, first evident at P0, becomes more prominent at P8 and in adult mutant HP, whose morphology is drastically altered when compared with that of control hippocampi. In summary, these data indicate that impaired COUP-TFI function leads to the development of a dysmorphic HP, which shows reduction in its dorsal portion, and suggest that COUP-TFI plays an imperative role in regulating proper HP growth along the septo-temporal axis during development.
Conserved Septo-Temporal Identity of the COUP-TFI Mutant HP
The observed septal volume reduction and posterior shift of the HP in mutant mice might have resulted in a change of neuronal identity within the HP. To address this issue, we hybridized P8 control and mutant brains with molecular markers differentially expressed between dorsal and ventral HP (Fig. 3) . Sagittal sections and high magnifications of dorsal and ventral hippocampi show that the normally higher expression of Cdh8 in dorsal HP is maintained in COUP-TFI CKO brains of the same age (Fig. 3A) , even if the dorsal HP is reduced, as described above (Fig. 2D,D 0 ). Similarly, higher expression of Lmo4 in the ventral HP and lower expression in the dorsal HP are maintained in the mutant ventral HP (Fig. 3B) , supporting a conserved septo-temporal identity of the mutant HP despite its dorsal volume reduction. Notably, the low dorsal to high expression gradient of COUP-TFII is not only maintained in the mutant HP, but also exacerbated in the ventral portion where COUP-TFII is expressed at higher levels than in controls (Fig. 3C ). This suggests that COUP-TFII might compensate for some of the COUP-TFI functions in the ventral/temporal pole of the mutant HP. Taken together, these data confirm that dorsal volume reduction due to the absence of COUP-TFI is caused by selective impairments of the septal domain, and not by an identity change between septal and temporal hippocampal portions.
Normal Field Specification and Neuronal Distribution in the Dysmorphic HP
We next investigated whether neuronal density and field specification were altered in the COUP-TFI mutant HP. Notably, P8
and adult control and COUP-TFI-deficient septal and temporal hippocampi maintain a comparable neuronal density and cell number within the CA fields and DG, despite the difference in the size of mutant brains (Fig. 4A-D) . The expressions of the 2 complementary field specification markers, KA1 and SCIP, in the pyramidal neurons of CA3 and CA1, respectively (Tole et al. 1997) , are also not altered (Fig. 4E,F) , indicating that the distribution and the relative subdivision into CA1 and CA3 fields are not affected in the dysmorphic COUP-TFI-deficient HP.
The expression of COUP-TFI is abolished in pyramidal neurons of the dorsal and ventral HP (Fig. 4G ), but not in GABAergic interneurons, identified by the expression of the glutamate decarboxylase GAD67 (Fig. 4G,H) ; this is because hippocampal interneurons, which normally originate from subpallial regions, are not under the activity of the Emx1-Cre (Gorski et al. 2002) and thus still express COUP-TFI (Armentano et al. 2007 ). Statistical analysis confirmed a normal number and distribution of GAD67-expressing cells within the different strata of P8 COUP-TFI CKO hippocampi (Fig. 4H,I ), consistent with a cell-autonomous inactivation of COUP-TFI in pyramidal neurons. Taken together, these data indicate that, despite the dramatic morphological hippocampal dysmorphism observed in the absence of COUP-TFI function, the CA 100 μm; (high images in G and H) 100 μm. Cx, cortex; HP, hippocampus; DG, dentate gyrus; CA1, CA3, Cornus Ammonis fields1, 3; gcl, granule cell layer; pyr, pyramidal layer; so, stratum oriens; spy, stratum pyramidale; sr, stratum radiatum; slm, stratum lucidum moleculare; up, upper blade; low, lower blade, hi, hilus.
field allocation and the distribution of excitatory and inhibitory hippocampal populations are properly assigned.
Impaired Connectivity in Dorsal Portions of the Dysmorphic HP Is Linked to Abnormal Entorhinal Cortex
Normal cell density does not imply proper function. We thus assessed the hippocampal connectivity network that forms a closed loop in which the perforant path, composed by entorhinal cortical axons transmitting sensory information to the DG and CA fields (Steward and Scoville 1976; Ruth et al. 1982) , represents the unique direct connection between the HP and the cortex (Fig. 5A) . The other paths involve ipsilateral (associational) and contralateral (commissural) intrahippocampal connections (Super and Soriano 1994) . To determine the connectivity pattern in the dysmorphic HP, path-specific markers were used on adult control and COUP-TFI CKO hippocampi along their septotemporal axes (Fig. 5A,B) . No expression of calbindin, which labels ipsilateral mossy fibers projecting to CA3 pyramidal neurons, and calretinin, specifically expressed in hilar mossy cells projecting to the contralateral DG (Liu et al. 1996; Blasco-Ibanez and Freund 1997) , is found in the septal/dorsal portion of dysmorphic HP (Fig. 5C) ; however, in more temporal sections, expression levels of calbindin and calretinin are less affected and more comparable between controls and mutant brains (Fig. 5D) . Similarly, Schaffer collateral axons, projecting from the ipsilateral or contralateral CA3 neurons to the CA1 region, fail to express SMI31 in the septal/dorsal mutant HP (Fig. 5C ). MAP2, a 
Boxes depict high magnification views of the CA1 regions label with MAP2 as illustrated below. (D)
Calbindin is expressed at lower levels in the mossy fibers of COUP-TFI mutants at more ventral levels (arrowheads) when compared with controls. However, Calretinin is still expressed in commissural fibers of mutant HP at more ventral levels (arrowheads in insets). (F) Axonal MAP2 staining of the perforant path and in CA1 dendrites is partially maintained in ventral mutant HP (arrowheads).
Boxes depict high magnification views of the CA1 region illustrated below. (G) Quantification of optical density (OD)/unit area of the perforant path labeled by MAP2 in dorsal (septal) and ventral sections (temporal). Values are indicated as average ± SEM. Duncan post hoc test, *P < 0.05, **P < 0.01 CKO versus ctrl within septo-temporal area, # P < 0.05 temporal versus septal, within the genotype. (H) Retrogradely DiI-labeled perforant paths in P8 control and mutant ventral HP. Below, region of the EC in which the DiI has been injected. Scale bars: (C-F, H above) 100 μm; (H below) 500 μm; HP, hippocampus; DG, dentate gyrus; EC, entorhinal cortex; hi, hilus; alv, alveus; gcl, granule cell layer; so, stratum oriens; sp, stratum pyramidale; sg, stratum granulosum; ml, molecular layer; sr, stratum radiatum; slm, stratum lucidum moleculare.
microtubule-associated protein highly expressed in the perforant axons and CA1 dendrites ( Fig. 5E ; Steward and Halpain 1999) , is strongly downregulated in the mutant septal HP. Statistical analysis on the quantification of MAP2 protein levels shows significant differences in terms of genotype (F 1,4 = 248.78; P < 0.0001), septo-temporal areas (F 1,4 = 35.27; P = 0.044), and of the interaction between the 2 (F 1,4 = 11.07; P = 0.02). Post hoc analysis reveals that MAP2 expression is significantly reduced in mutants when compared with the control group at both septo-temporal levels ( Fig. 5E-G) ; nevertheless, in the CKO group, but not in the control group, the expression in the temporal region is significantly higher compared with that in the septal portion, suggesting a milder defect in the ventral than dorsal area (Fig. 5F,G) . This is also confirmed by DiI axonal tracing, in which the perforant paths to the DG and to the CA1 are properly retrogradely labeled in COUP-TFI CKO ventral hippocampi (Fig. 5H) . Taken together, these findings consistently suggest a correlation between connectivity and growth, and support a functional role for COUP-TFI in differentially regulating dorsal versus ventral portions of the developing HP. It is well known that projections from the EC to the HP are topographically organized in rodents and follow a dorsolateral to ventromedial gradient in the EC that corresponds to the dorso-ventral axis of termination in the HP (van Groen et al. 2003) . Thus, altered connectivity to the dorsal HP of mutants might be due to the abnormal development of the dorsal EC. To test this hypothesis, we first assessed COUP-TFI expression in the EC and then EC-specific markers in COUP-TFI mutant brains. Interestingly, coronal sections at P0 show a dramatic reduction of COUP-TFI expression at the rhinal fissure (red arrowhead in Fig. 6A ), where the dorsal portion of the EC starts to appear, as also supported by the dorsal expression boundary of Nrp2, a molecular marker for the EC (Chen et al. 1997 ; Fig. 6C ). However, COUP-TFI is highly expressed in the ventral part of the EC in more caudal sections (black arrow in Fig. 6A ). Sagittal views further support this abrupt COUP-TFI downregulation at the transition between dorsal EC and neocortex, and re-expression in the most ventromedial part of the EC (Fig. 6B ). This is also corroborated by the complementary expression patterns of Nrp2 and Fezf2, a neocortical-specific marker (Molyneaux et al. 2005) , which nicely delimitate paleocortical and neocortical tissues, respectively (Fig. 6D) . Thus, similar to the neocortex and the HP, COUP-TFI is expressed in a gradient in the developing EC, suggesting that it might control topographic entorhinal to hippocampal connectivity in the dorsal portion of the HP. Indeed, dorsal most Nrp2 expression is drastically downregulated and Fezf2 is ventrally shifted in the absence of cortical COUP-TFI function (Fig. 6C,D) , in line with impaired dorsolateral EC and caudally shifted neocortex. Quantification of the Nrp2 expression area in the EC (Fig. 6C  0 ) confirms that COUP-TFI mice have a significant
[genotype (F 1,6 = 6.5; P = 0.04)] reduced EC volume when compared with control animals. Overall, these data illustrate that COUP-TFI shares a common expression gradient between EC and HP, and suggests that its expression is required in the formation of a proper topographic circuit between dorsal EC and dorsal HP.
Spatial Memory Defects Are Correlated with Abnormal Hippocampal Growth
In light of the septal to temporal hippocampal dysmorphism, we tested whether COUP-TFI mutant mice had any impairment in spatial learning and memory, known to be controlled by the septal/dorsal HP pole (Moser et al. 1993 (Moser et al. , 1995 . Different groups of adult COUP-TFI CKO and their littermates control mice were subjected to the spatial and cued versions of the water maze. In the spatial version, animals had to retrieve the position of the submerged platform using visual distal cues surrounding the pool. Three-way ANOVA analysis revealed that COUP-TFI CKO were impaired when compared with control mice in finding the platform during the first 2 training days, although they eventually reached the same approaching latency by the end of the last training day [Training days × Sessions × Genotype (F 9,324 = 2.48, P < 0.009), Sessions (F 3,108 = 8.09, P < 0.0001), Training days: (F 3,108 = 16.53; P < 0.01)], Training days × Sessions (F 9,324 = 5.03, P < 0.0001)] (Fig. 7A) . Indeed, post hoc analysis showed that the control group significantly reduced the approaching latency, when compared with the first training session, by the third training session of the first training day. In contrast, mutants required a further session (session 4 of day 1, Fig. 7A ). On the second training day, the performance of mutant mice was significantly impaired when compared with that of control animals. On the testing day, COUP-TFI CKO mice were dramatically impaired in showing any preference for the target quadrant (Fig. 7B ) and the target annulus ("?" point in Fig. 7C,D) , when compared with the other quadrants and annulus in the maze, as revealed by the two-way ANOVA for repeated measures on quadrant time [Quadrant time (F 3,108 = 6.402; P = 0.0005); Quadrant time × Genotype (F 3,108 = 2.958; P = 0.03)], annulus time [(F 3,108 = 19.23; P < 0.0001); Annulus time × Genotype (F 3,108 = 8.84; P < 0.0001)], and annulus crossings [(F 3,108 = 13.992; P < 0.0001); Annulus crossings × Genotype (F 3,108 = 5.52; P = 0.001)]. A similar lack of preference was observed when considering the percentage of target annulus crossings (Genotype: t 36 = 2.075; t = 0.04; Fig. 7D 0 ). Representative track plots of platform searching strategy during training (first trial of the day) days and during the probe trial confirm the lack of target-focused strategy in mutant mice (Fig. 7E ). This defect was not due to increased thigmotaxis or reduced swimming speed (Fig. 7F,G) . Taken together, these findings suggest that COUP-TFI CKO mice have impaired spatial learning and memory. Interestingly, mutant mice progressively adopt during training sessions a chaining response, likely memorizing the distance of the platform from the wall. This nonspatial strategy might explain why mutant mice improved latency across training sessions (Fig. 7A) , and at the same time failed in showing a target-focused strategy during the probe trial (Fig. 7B-D  0 ) . The acquisition of nonspatial strategies, and in particular the use "of concentric swim path" to solve the water maze task, has been previously reported for HP-lesioned animals (DiMattia and Kesner 1988). To assess whether abnormal target annulus crossing was caused by the abnormal HP differential growth due to COUP-TFI deficiency, we used simple regression to correlate the percentage of the target annulus crossings with the extension and volume of the HP. We found that both of these measures significantly correlate with the percentage of annulus crossings on the testing day (Extension: R = 0.343; P = 0.03; Volume: R = 0.358; simple regression analysis; P = 0.03; Fig. 7H,I ), indicating that impaired spatial learning might most probably be due to the hippocampal dysmorphism observed in COUP-TFI CKO mice. Next, to exclude that this effect was not secondary to sensorymotor deficits associated with altered neocortical changes (Tomassy et al. 2010) , different groups of animals were subjected to a cue version of the water maze. In this case, the position of the submerged platform was labeled by a visual cue, and the use of spatial information was limited. Two-way ANOVA for repeated measures shows that both groups exhibit similar reduced latency in reaching the platform during the 4 training days (Fig. 7J) , and when the platform is removed, both groups focus their searching below the cue (Annulus: F 6,144 = 25.055; one-way ANOVA; P < 0.0001; Fig. 7K ). This indicates that the sensory-motor deficits associated with the previously described neocortical defects of COUP-TFI CKO mice (Armentano et al. 2007; Tomassy et al. 2010 ) are most likely not contributing to the spatial memory deficits reported here.
Since the ventral HP has been implicated in nonspatial aspects of hippocampal-dependent learning and emotional behaviors (Kheirbek et al. 2013; Wang et al. 2013) , we subjected other groups of mice to the one-trial inhibitory avoidance task, which probes animals' ability to form emotional memory. COUP-TFI mutant mice fail to show any impairment and, similar to control animals, they increase the step-through latency from the training day to the testing day performed 24 h later (Day: F 1,25 = 44.93; P < 0.0001), indicating that they learned to avoid the shocked compartment (Fig. 8A) . Similarly, when they are tested for their ability to recognize a new object from a familiar one in the spontaneous short-term object recognition task, mutant mice do not show any significant difference from controls. Mutant mice had normal distance traveled and maximal speed during the habituation to the arena, as well as normal objects' exploration during the study phase (Table 1) . Both groups explore the new object significantly more than the familiar ones during the test phase (object type: F 2,72 = 18.31; P < 0.0001; Fig. 8B ). This is consistent with previous findings, showing that dorsal HP lesions generally spare short-term recognition memory, when the same (Sannino et al. 2012) or similar behavioral protocols are used (Broadbent et al. 2004; Ainge et al. 2006; Dere et al. 2007 ). Finally, we tested basal level of anxiety in the elevated plusmaze task; we found no significant difference between genotypes in the percentage of time and distance spent in the open arm (Fig. 8C) , as well as in the total distance and arm entries (data not shown). Taken together, our behavioral data confirm that the hippocampal dysmorphism in COUP-TFI CKO animals is associated with selective spatial learning and memory impairment.
Discussion
Our study provides, to our knowledge, the first experimental evidence of a neurodevelopmental genetic program controlling HP development along its septal/dorsal to the temporal/ventral axis. We find that the nuclear receptor COUP-TFI is expressed in the HP in a dorso-ventral gradient, and that its developmental loss leads to a dysmorphic HP, in which the size of the septal pole is specifically reduced and connectivity strongly impaired. We also identified gradient COUP-TFI expression in the EC and an impaired perforant path projecting to the dorsal HP in the absence of cortical COUP-TFI function. These data strongly support a role for this transcriptional regulator in establishing and/or maintaining proper connectivity between cortex and HP. Importantly, these distinct morphological and anatomical changes are associated with selective impairment in spatial learning and memory, consistent with a functional dissociation between the dorsal and ventral HP. Unraveling the molecular mechanisms required in proper hippocampal anatomical and functional organization along its longitudinal axis is becoming a priority issue, in particular after the identification of a whole series of genes differentially enriched in the dorsal or ventral HP from birth to adulthood (O'Reilly et al. 2015) , and their contribution in neuropsychiatric developmental disorders. Indeed, recent anatomical and connectivity studies have shown that at birth (1) the HP is shortened along its dorso-ventral axis; (2) the ventral regions remain ventral similarly to the adult HP, and (3) the terminal distribution of EC input along the dorso-ventral hippocampal axis reflects the adult topography. In addition, the most ventral one-third of the HP is the one that seems to differ more than the other twothird in terms of intrinsic connectivity, electrophysiological properties, behavioral function, and genetic program (O'Reilly et al. 2015; Strange et al. 2014) . Thus, altering differentially expressed genes along the longitudinal axis will contribute in our understanding on how the HP undergoes major volumetric increase in length and curvature from P0 to P15, and whether changes in HP curvature might be due to changes in HP volume along the dorso-ventral axis.
In this study, we have abolished the function of a differentially expressed gene, the transcriptional regulator COUP-TFI, expressed in a gradient fashion in the postnatal developing HP and EC, 2 functionally related structures during HP circuit formation. We previously reported that gradient cortical expression of COUP-TFI is required in neocortical organization and thalamocortical topographic connectivity by regulating identity, size, and position of functional areas during corticogenesis [reviewed in Alfano and Studer (2013) ]. In this study, we demonstrate that gradient archicortical COUP-TFI expression is involved in setting up the anatomical and functional architecture along the hippocampal longitudinal axis.
Interestingly, COUP-TFI mutant adult hippocampi have a shape similar to neonatal HP; with its shortened form, HP lacks the normal HP curvature but preserves a proper ventral pole--"the most ventral one-third," which is located more posterior than age-matched control brains, and has reduced size and volume in its dorsal portion. Although this phenotype already appears at birth, it becomes fully established at P8, an age when the hippocampal length and growth are substantially increasing and which will ultimately dictate its final curvature and shape (O'Reilly et al. 2015) . Various mechanisms might be involved in this morphological dysmorphism, ranging from alteration in regional growth to reduced cortical connectivity. Since the "intermediate" portion, a transitional structure with mixed dorsal and ventral features, seems crucial for obtaining an optimal HP volume and shape during the first postnatal week (O'Reilly et al. 2015) , we propose that the graded COUP-TFI expression might be involved in modulating the volume of intermediate and ventral portions thus allowing the dorsal part to properly expand (O'Reilly et al. 2015; Strange et al. 2014) . As for the neocortex (Faedo et al. 2008) , COUP-TFI might be required in controlling the spatio-temporal regulation of the balance between progenitor proliferation and differentiation. Accordingly, we observed altered neurogenesis in the prospective HP at E15.5 (G.F., J.P., and M.S., in preparation). In addition, the maintenance and even higher expression of the homolog COUP-TFII in the ventral HP might compensate for the lack of COUP-TFI in this region, thus allowing proper ventral growth at the expense of dorsal parts.
The absence of EC afferent projections might be another contributor to the developmental septal/dorsal reduction observed in COUP-TFI mutant mice. Neurogenesis is strictly correlated with the topographical organization of entorhinal-HP reciprocal connections. The dorsal EC preferentially connects with the dorsal part of the HP, whereas portions of the EC positioned more ventrally connect with ventral parts of the HP (Witter et al. 2000) . Our molecular analysis indicates an important reduction in the dorsal EC portion at the expense of neocortical tissue at P0, whereas part of the ventral EC seems to be preserved. Connectivity impairments appeared also graded along the longitudinal axis of the mutant HP, in accordance with a gradientrather than absolute-like HP organization along its dorso-ventral axis (Scorzin et al. 2008; Strange et al. 2014) . The topographic EC to HP connectivity defects at early postnatal ages might thus contribute to the severe septal HP reduction observed in COUP-TFI mutants. The selective ablation of COUP-TFI in the EC during development will allow us to establish whether the identified HP and spatial navigation defects we identified are secondary to reduced connectivity from the EC. The HP is crucial for spatial navigation. Accordingly, the findings we report in this study show that COUP-TFI mutant mice have a specific impairment in spatial learning and memory that correlates well with their HP volume reduction, as indicated by our regression analysis. We previously showed that these mice have no major impairments in open field exploratory activity as well as in neuromotor performance in the hanging wire and rotarod task (Tomassy et al. 2010) . In contrast, they were affected in fine motor skill learning tasks, such as the adhesive-removal and the skilled-reaching tasks.
With the aim to dissociate neocortical from archicorticaldependent behavioral defects, we used a spatial water maze procedure based on distal landmarks. This procedure relies on the integrity of the HP and is not affected by prefrontal and parietal cortex functional deactivation (Save and Poucet 2000; Mogensen et al. 2004; Lopez et al. 2012) . At the same time, the lack of effect on the visual cue and on the spontaneous object recognition task confirmed that in COUP-TFI CKO mice, the sensory-motor defects related to neocortical dysfunctions are very specific and involve fine sensory-motor skills. Spontaneous object short-term recognition memory task, differently from the instrumental visual object discrimination task (Kesner et al. 1996) , has never been clearly demonstrated to rely on the integrity of the prefrontal cortex (Mitchell and Laiacona 1998; Yee 2000) , and of other neocortical areas (Ennaceur et al. 1997; Haijima and Ichitani 2012) . On the contrary, it relies on the integrity of the perirhinal cortex, in particular of its most caudal part (Albasser et al. 2009 ), which seems not to be affected in COUP-TF CKO mice.
Thus, the lack of impairment in the visual water maze and the correlation between the spatial memory impairment with altered HP volume and gross morphology strongly suggest that the spatial navigation defect here reported is not secondary to the sensory-motor deficit associated with altered neocortical patterning (Tomassy et al. 2010) . The selectivity of the spatial learning defects, in the absence of major changes in anxiety observed in mutant mice, is consistent with a dramatic dorsal HP volume reduction and altered connectivity between EC and HP (Steffenach et al. 2005) , and no major changes in the functionality of the ventral HP. This is in line with the observation that the absence of cortical COUP-TFI during development differently affects the dorsal and ventral HP portions, indicating that HP development and functional specification along its septo-temporal axis is indeed controlled by different genetic developmental programs, as previously suggested in a study involving quantitative trait loci (Martin et al. 2006 ). Although we cannot completely exclude that the ventral HP is affected in COUP-TFI mutant mice, our study supports a major role for this transcriptional regulator in patterning the septal/dorsal HP portion and its connectivity with the dorsal EC during development and in early postnatal stages.
In conclusion, this study shows that the archicortical expression gradient of a transcription factor, such as COUP-TFI, can regulate HP volume and connectivity along its dorsal-to-ventral axis and, ultimately, HP-dependent behavioral functions. To our knowledge, this is the first experimental evidence supporting the anatomical and functional dorso-ventral HP dissociation on a genetic developmental basis. COUP-TFI loss of function causes optic atrophy with intellectual disability (Al-Kateb et al. 2013; Bosch et al. 2014) . Furthermore, COUP-TFI expression has been found to be strongly associated with childhood general cognitive ability and mental retardation (Webber et al. 2009; Ersland et al. 2012) . Our findings pave the way for investigating COUP-TFI mutations and associated changes in septo-temporal volumetric distribution in children with neurodevelopmental cognitive impairments. It is also highly interesting in this regard that COUP-TFI is deregulated in fetuses of pregnant women-smokers (Fowler et al. 2014) , when compared with nonsmokers, suggesting it might be a pathway of teratogenic effects on HP growth and function.
